The spatial distribution and biomass of Nephrops norvegicus were assessed by trawling over commercial fishing grounds (''Serola'', off Barcelona, Spain) during two surveys (spring and fall 1991), using geostatistical methods. The surveys were set 6 months apart, in order to analyse possible seasonal differences. In the present surveys, Norway lobster was caught between 200 and 600 m depth, with peak abundance at about 400 m. The analysis of the structure of spatial correlation by means of semivariograms showed that densities of Nephrops norvegicus were spatially autocorrelated and lobster populations were distributed in high-density patches 6 to 9 km in diameter. No spatial segregation per biological category (size or sex) was detected. The semivariograms were consistent for all biological categories. A strong linear relationship between local mean and standard deviation (proportional effect) was modelled by the relative semivariogram. Relative experimental semivariograms were fitted to a spherical model. The shape of the semivariogram, and the spatial autocorrelation structure of Norway lobster populations, remained stable over the two surveys. The density of Nephrops norvegicus available to the experimental gear was mapped by point kriging. Highdensity patches of different biological categories exactly conformed and remained stable over the two surveys, showing a certain intra-annual stability. However, mean densities and overall abundance (computed by global kriging) decreased sharply in the fall survey. This was accounted for by means of knowledge on the biology of the species for the same area. The biological characteristics of Nephrops populations in the area studied are similar to those of other Mediterranean and Atlantic populations, hence our results are not restricted to the study area. We conclude that the geostatistical analysis approach, which takes into consideration the spatial autocorrelation structure of the populations, is adequate for the direct biomass estimation and assessment of Nephrops harvestable stock.
Introduction
Norway lobster (Nephrops norvegicus) is the most important species in the European crustacean fishery (in terms of catch and economic value, FAO, 1992) . The biology of the species is now well known and a summary can be found in Sardà (1995) . Fisheries data are continuously evaluated by the ICES Nephrops Working Group (ICES., 1992) . Uncertainties about growth and mortality coefficients of Nephrops norvegicus generate difficulties for assessing stocks from data on landings and cohort analysis (see Sardà and Lleonart, 1993 for an application). Alternative methods, such as direct assessments, have been recommended (Conan, 1985; ICES., 1989) .
Norway lobster populations show highly complex aggregated patterns of spatial distribution. Fishermen and researchers indicate that sex ratio, size composition, presence of berried females and overall abundance of the catch may vary between localities in close proximity, as well as seasonally (Sardà, 1991) .
Nephrops is found between 200 and 800 m depth on the Catalan Sea slope off Barcelona (Spain, northwest Mediterranean), which is deeper than for Bay of Biscay and higher latitude northeast Atlantic stocks, but published information on the depth and geographic distribution of the species in the area surveyed is still limited (Sardà and Abelló , 1984; Sardà, 1991) .
It is important for the purpose of stock conservation and profit optimization, to map and accurately forecast the location and the spatial characteristics of the resource (Conan, 1985) . Only a portion of the stock can be harvested with profit. At locations and times at which the density of commercial quality Norway lobster is too low, harvesting costs may be higher than the value of the catch. It may be also worthwhile to protect certain fishing areas by setting annual or seasonal closures to protect certain biological categories, such as berried females or immature individuals.
The presence of spatial patterns has not, until recently, been taken into account for calculating biomasses and setting confidence limits on these estimates, other than by using stratified random sampling. Conan (1985) , Conan et al. (1988a Conan et al. ( , 1988b Conan et al. ( , 1992 and Conan and Wade (1989) have introduced techniques derived from the geostatistical methodology, initially developed in Mining Geology (Matheron, 1971; Journel and Huijbregts, 1978) , which are at present routinely employed for the assessment and management of snow crab stocks in the Gulf of St Lawrence (Canada) and which are gaining interest in other species and areas (Simard et al., 1992; Petitgas, 1993; Fariña et al., 1994) .
In order to map and assess the harvestable biomass of Norway lobster on the fishing grounds, experimental trawl surveys and geostatistics were employed to optimize the evaluation of this spatially structured resource. We investigated the applicability of statistical methodology to directly assess Nephrops stocks on commercial fishing grounds located off Barcelona, Spain (northwest Mediterranean) based on data from two experimental cruises carried out during spring and fall 1991. The sampling scheme for both cruises was specifically designed for the geostatistical application. The technology available (Global Positioning System and an acoustic measuring device for the trawl, SCANMAR) allowed for highly accurate positioning and measuring of the area swept by trawl.
The application of geostatistics for mapping and estimating marine benthic harvestable resources is also reviewed and analysed. The need to adapt existing geostatistical models to actual case studies (species) is stressed and a critical study of their use and scope is presented, together with an application of the methodology to the commercial fishery of Nephrops norvegicus in the northwest Mediterranean area.
Material and methods
The sampling routine Two surveys (GEOESC-I, spring 1991, and GEOESC-II, fall 1991) were specifically designed for the mapping and assessment of harvestable Nephrops resources off northeast Spain. The survey site was chosen over muddy bottoms with gentle slope and depth contours (100 to 900 m) approximately parallel to the coast, limited by two submarine canyons (Fig. 1) . A regular grid 1 by 2 nautical miles was set parallel to the coast and a start location for each tow was randomly chosen within each cell. Total area covered was 790 km 2 , comprising 115 cells. Due to logistic and practical constraints only about half of the cells could be sampled on both surveys (59 trawl hauls in GEOESC-I and 51 in GEOESC-II). Mid-point position of hauls are shown in Figure 1a and b.
The experimental fishing gear was a specially designed otter trawl (''Maireta System'', Sardà et al., 1994) drawn by a single warp, to reach up to 2000 m depth. The codend stretched mesh was 12 mm in order to retain small individuals, not normally available to the commercial fishing gear.
The actual opening of the trawl was measured using a SCANMAR acoustic system and stabilized at 14.0 m width by 2.0 m height. During the survey, tows were made parallel to the depth contours. The duration of each tow was set to exactly 15 min (time of effective trawling). The towing speed varied between 2.3-2.6 knots (mean 2.5 knots). Start and end locations for each tow were measured by GPS. The actual surface covered by each tow was computed from the GPS and SCANMAR readings. Effective time of the surveys was from 7.30 to 20.00 h each day.
The total catch of Nephrops was counted, weighed and measured and the presence of berried females was noted. The catch was sorted into biological categories for each tow: juvenile males, juvenile females, adult males, adult females and berried females. A carapace length (CL) of 26 mm was used as a knife-edge approximation to first presence of gonadal maturity for segregating juvenile from adult individuals, 32 mm (CL) size at 50% maturity to determine the percentage of ovigerous females (Sardà, 1991) .
Geostatistical methods
Basic to the linear geostatistical methodology is the assumption of second order stationarity, analogous to the same concept in time series analysis. Let the density of Norway lobster be a spatially referenced variable, Z(x), where x is the position of a sampling point in R n , n=2 for our purposes. Then Z(x) is called a regionalized variable (Matheron, 1971) if the value taken by Z at x only depends on its geographical position.
Under the second order stationary hypothesis, the mathematical expectation of the first moment (mean) of Z(x) is assumed to be constant over the field of study, as well as the variance. This strong stationarity hypothesis can be relaxed to the intrinsic hypothesis (Matheron, 1971) by the use of the semivariogram. The intrinsic hypothesis requires only that the mean and variance of the increments Z(x) Z(x+h) and not Z(x) be constant over the field which is more realistic when dealing with fisheries data.
The experimental semivariogram, which is a form of computing the variance of a population taking into account the spatial position of the samples, is employed as a descriptor of the spatial structure of the density of Norway lobster. The experimental semivariogram is given by (Matheron, 1971): where, N(h)=the number of pairs used to compute the experimental semivariogram at distance h. h=vector of distances a specified range or tolerance Z(x i )=the density of Nephrops at location x i . Z(x j )=the density of Nephrops at location x j which is within distance h of location x i .
The spatial structure of the Z(x) is represented by a plot of ˆ(h) against h from which the parameters that summarize the structure of spatial dependence were obtained.
Most semivariograms show a regular increase of ˆ(h) with h up to a certain distance a (range of the semivariogram) where ˆ(h) stabilizes around c +c 0 (sill of the semivariogram). The range of the semivariogram can be interpreted as the distance beyond which no effects of spatial covariance among samples exists. In the absence of spatial autocorrelation, the mathematical expectation of the semivariogram is the sample variance and the variogram appears flat (pure nugget effect).
Many experimental semivariograms show a discontinuity at the origin, c 0 , called the nugget component of the variance, which represents the microscale variability of Z(x) at distances shorter than the smallest distance among samples. It may also include sampling error or white noise. The variability introduced by the nugget effect can considerably increase the variance of the kriging estimates, thus a correct modelling of c 0 and a careful design of the sampling plan are central to geostatistics in order to produce precise estimates.
We tested for departures from stationarity by means of plots of Nephrops density vs. the geographical components (northing, easting), the time of day and depth. We examined the relationship between local mean density and local standard deviation to correct for a possible proportional effect (Isaaks and Srivastava, 1989) . The presence of a proportional effect is widespread in fisheries data: locations which average high densities show also a higher variability than low-density locations (s 2 m 2 ). We tested for such effect by moving a 7 7 km window by discrete 3.5 km steps over the area sampled, and computing for each window the local mean and the local standard deviation. In mining geostatistics the proportional effect has been described (David, 1977; Isaaks and Srivastava, 1989) and modelled by a relative semivariogram, which re-scales the local semivariance by the local mean:
We used experimental semivariograms (Matheron, 1971) , relative experimental semivariograms (Isaaks and Srivastava, 1989) and their theoretical equivalent (Cressie, 1991) , experimental semivariograms on logtransformed data, to describe the spatial autocorrelation structure of Nephrops densities in the area surveyed, for the biological categories established and for the two surveys.
For the purpose of mapping the resource we employed the spatial estimation technique known as point kriging (Matheron, 1971) within the boundaries defined by the presence of samples. In order to implement the kriging technique, the experimental semivariograms need to be fitted to a theoretical model. Models which comply with certain mathematical conditions (Matheron, 1971) and suitable for kriging are well-described in the literature (Journel and Huijbregts, 1978; Cressie, 1991) .
To produce precise maps of the density of Nephrops in the study area we used biological information and catch data to restrict the area by means of an irregular polygon bounded by the 200 and 800 m depth contours and by adjacent submarine canyons. We estimated the density at the nodes (Z*) of a 276 249 regular grid (internodal distance 1/6 km) within the boundaries of the polygon using the linear estimator (Matheron, 1971): where the Z(x i ) are the observed densities and w i are weights obtained by the solution of the kriging system of equations using the fitted semivariogram. The kriging variance ( 2 k ) obtained when solving the kriging system was used as a precision index to help establish the area within which reliable global estimates could be produced. When kriging with relative semivariograms, as will be the case here, the kriging variance needs to be re-scaled by the local mean in order to obtain a variance which is at the same scale as the data (Conan et al., 1992) .
Block kriging (Matheron, 1971 ) was used to produce global estimates of average density and total (available to the fishing gear) biomass over the surveyed area and to give confidence intervals for the biomass estimates. The global estimate of the quantity Z v over the (irregular) polygon V for point samples defined on v is: the computation of double integrals (see Journel and Huijbregts, 1978, for details) . The computation of the average semivariogram can be achieved analytically only when the polygon V is a simple geometric shape and must be approximated by numerical integration in the general case (Journel and Huijbregts, 1978) . One of the authors (G. Y. Conan) developed a numerical approximation to integrate the semivariogram over an irregular contour and to obtain estimates of the mean and global densities and their associated confidence intervals on the area sampled.
For ease of comparison of the global estimates and their standard deviations produced by kriging, global estimates and standard deviation of the mean were also produced by the swept area method (Cochran, 1977; Sparre et al., 1989) .
Results
Total abundance in number, weight and densities of the catch in the spring survey were higher than in the fall (Table 1) . Size frequency distribution ranged from 12 to 58 mm CL and the mode of the distribution was 27 mm LC. Sex ratio (males/females) varied between 0.75 in spring to 1.5 in fall. Juveniles (<26 mm LC) were more abundant in spring (51%) than in fall (17%). Ovigerous females were present only in fall, representing 74% of the total mature females. Biological assessment of the data showed that the populations under study have similar biological characteristics to other Mediterranean and Atlantic populations. Depth distribution of the species in the area ranged between 216 and 584 m, with a peak abundance at about 400-450 m depth (Fig. 2a) .
An exploratory data analysis was conducted in order to check for inconsistencies with the assumptions of the model (spring survey (Fig. 2) ; the fall survey showed similar patterns, though at lower densities). Dispersion diagrams of Nephrops density vs. depth did not show any obvious depth-related trend (Fig. 2a) . The catch was not related to the time of day (Fig. 2b) and no geographical trend was observed in Nephrops density (Figs 2c and 2d) in a northern or eastern direction. Hence, the basic assumptions of the linear geostatistical method were not invalidated. Dispersion diagrams of local standard deviation vs. local mean (Fig. 3a, spring survey; Fig. 3b , fall survey) showed a linear relationship between mean density and standard deviation, revealing the existence of a proportional effect, and suggested, at this exploratory stage, that relative semivariograms were appropriate for describing the spatial covariance structure of this species. The linear relationship between standard deviation and mean was also evident when using other ''window'' sizes (in Fig. 3c results for ''window'' sizes of 3 3 to 9 9 km 2 are shown). (Cressie, 1991, pp. 64-66) was not substantiated in our case study. Relative semivariograms for all categories were fitted by a spherical model (model and parameters shown in Figs 4, 5 and 6, middle row). This was consistent for all the biological categories in which Nephrops catch was subdivided. The experimental semivariograms for the fall cruise showed similar results (only relative semivariograms are given, Fig. 7) . Thus, the relative semivariogram better described the spatial structure of Nephrops populations in the area of study. Spring relative semivariograms showed a better fit than fall relative semivariograms and with lower nugget components (variance unexplained by the spatial model). The c 0 to total variance (c 0 +c ) ratio was 14.6% in spring and 20.1% in fall for total densities in number. This may represent a higher spatial variability for Nephrops populations during the fall cruise, when catch was also lower than in spring (Table 1) .
The structure of spatial dependence was very similar among biological categories and across seasons (see also Conan et al., 1992) . Range of fitted relative semivariograms varied from 5.9 to 9.9 km (mean 7 km), which is remarkably close considering the extent of the area surveyed (50 km approximately, in a W-E direction).
Presence of anisotropy (differential spatial continuity in a given geographical direction) could not be demonstrated for any biological category or season (Conan et al., 1992) . Hence, in the absence of anisotropy, the spatial structure of Nephrops populations in the northwest Mediterranean can be regarded as highdensity patches 6-10 km in diameter. Density maps were generated by point kriging for all categories and both cruises. The locations of highdensity patches extensively overlapped for all biological categories ( Fig. 8, spring; Fig. 9, fall) . The location of high-density patches was fairly constant across seasons, indicating a certain stability in the population of structure of Nephrops off Barcelona fishing grounds.
Global biomass and average density were computed by block kriging within the polygon over which Norway lobster density was mapped. Table 2 shows the mean density, the global estimate and their kriging standard deviations. For comparison, Table 2 includes also mean density, global estimates and standard deviation of the mean computed by the swept area method.
Discussion
One of the aims of fisheries biology is the study of spatial and temporal distribution patterns in relation to abundance. Within the ICES Working Group on Nephrops, studies in this direction have been recommended (ICES, 1992) . The geostatistical model built here has been shown to be a useful step in that direction, as it directly revealed the spatial structure of Nephrops populations at a finer resolution than in the past.
High-resolution mapping may be worthwhile in order to optimize profit and to forecast accurately the location and the spatial characteristics of the resource (Conan, 1985) . Also, density maps are useful for assessing the economical potential of the catch as well as for fisheries management.
Nephrops norvegicus is a benthic species of low mobility at the scale of study, due in part to its burrowing behaviour (Chapman, 1980) . This makes the application of linear geostatistics ideal to this species, as well as to other crustaceans and molluscs which can be considered sessile at the spatial and temporal scales of study.
The applicability of geostatistical techniques was enhanced by the availability of accurate technology (GPS, SCANMAR) and a careful design of the sampling scheme. A preliminary data analysis was necessary to check the validity of the geostatistical technique and to build a spatial model for our data sets.
Average abundances obtained in this study (Table 2 ) were similar to those found by authors working in the same area (Sardà and Abelló , 1984; Sardà and Lleonart, 1993) and slightly lower than those reported for the Atlantic (Briggs, 1987; Hillis and Geary, 1990; Fariña et al., 1994) . Population biology characteristics (seasonal variations in abundance and sex ratio) of Catalan Sea Nephrops populations show no marked differences with other areas (Sardà, 1995) .
The geostatistical analysis of the harvestable fraction of the Nephrops populations over the slope off Barcelona showed that these populations were spatially structured in patches about 7 km in diameter. We also showed that the spatial dependence effects remained stable within biological categories (cf. Conan et al., 1988a for snow crab in the Gulf of Saint Lawrence (Canada) where an important spatial segregation by size and sex was demonstrated) and that there was no marked temporal (seasonal) variability in the location of high-density patches. Analysis of Nephrops stocks in northwest Spain Atlantic waters (Fariña et al., 1994) at larger spatial scales revealed a spatial structure in larger (around 100 km) patches, but our results are not directly comparable to theirs due to the fact that the distance between stations in Fariña et al. (1994) was larger than the range obtained here.
In summary, the pattern of spatial structure for northwest Mediterranean lobster populations has been demonstrated. This spatial pattern remained fairly stable between spring and fall. Further research is needed to ascertain the underlying causes of spatial patterning in Nephrops norvegicus, although sedimentological factors certainly require attention. It would be also interesting to further investigate the generality of this pattern to Atlantic Nephrops fishing grounds, by means of appropriate experimental surveys and the geostatistical methodology laid out in this work.
